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Background: The visual cycle is an enzymatic 
cascade that regenerates the visual chromophore. 
Results: Visual cycle gene expression is regulated 
by SOX9 in combination with OTX2 or LHX2, 
and can be modulated by common microRNAs.  
Conclusion: A core transcriptional network 
involving SOX9 regulates visual cycle genes. 
Significance: Understanding visual cycle gene 
regulation may have implications for treating 
retinal degenerative diseases. 
 
ABSTRACT 
       The retinal pigment epithelium (RPE) 
performs specialized functions to support 
retinal photoreceptors, including regeneration 
of the visual chromophore. Enzymes and 
carrier proteins in the visual cycle function 
sequentially to regenerate and continuously 
supply 11-cis-retinal to retinal photoreceptor 
cells; however, it is unknown how the 
expression of the visual cycle genes is 
coordinated at the transcriptional level. Here, 
we show that the proximal upstream regions of 
six visual cycle genes contain chromatin 
accessible SOX binding sites; that SOX9 and 
LHX2 are coexpressed in the nuclei of mature 
RPE cells; and that SOX9 acts synergistically 
with OTX2 to activate the RPE65 and RLBP1 
promoters, and acts synergistically with LHX2 
to activate the RGR promoter. Chromatin 
immunoprecipitation (ChIP) reveals that SOX9 
and OTX2 bind to the promoter regions of 
RPE65, RLBP1, and RGR, and LHX2 binds to 
those of RPE65 and RGR in bovine RPE. ChIP 
with human fetal RPE cells shows that SOX9 
and OTX2 also bind to the human RPE65, 
RLBP1, and RGR promoters. Conditional 
inactivation of Sox9 in mouse RPE results in 
reduced expression of several visual cycle 
genes, most dramatically Rpe65 and Rgr. 
Furthermore, bioinformatic analysis predicts 
that multiple common microRNAs (miRNAs) 
regulate visual cycle genes, and cotransfection 
of miRNA mimics with luciferase reporter 
constructs validated some of the predicted 
miRNAs. These results implicate SOX9 as a key 
regulator of visual cycle genes, reveal for the 
first time the functional role of LHX2 in the 
RPE, and suggest the possible regulation of 
visual cycle genes by common miRNAs. 
SOX9 regulates visual cycle gene expression 
 2 
       The retinal pigment epithelium (RPE)6 is 
essential for supporting the survival and function 
of retinal photoreceptor cells (1). One of the key 
functions of the RPE is enzymatic regeneration of 
the photoreceptor visual chromophore (11-cis-
retinal) through the visual cycle, a cyclical 
pathway consisting of a series of enzymatic 
reactions in which each step converts retinoid 
intermediates into a substrate for the next step (2). 
Illustrating the importance of the visual cycle, 
mutations affecting nearly every step of this 
pathway can cause retinal degeneration (2). Major 
RPE-expressed components of the visual cycle are 
three enzymes (RPE65, LRAT, and RDH5), two 
retinoid carrier proteins (RLBP1 and RBP1), and a 
modulator (RGR), which work sequentially to 
regenerate and continuously supply 11-cis-retinal 
to retinal photoreceptors. Although efficient 
functioning of the visual cycle requires 
coordinated expression of its various components, 
and some progress has been made in defining the 
cis-regulatory elements involved in transcriptional 
regulation of individual visual cycle genes such as 
Rpe65 and Rlbp1 (3-7), only limited studies have 
addressed the regulatory mechanisms that 
coordinate expression across the visual cycle 
genes. 
       Rapid downregulation of multiple visual cycle 
genes has been reported in different stress 
conditions. After exposure of albino mice to bright 
light (light damage), transcripts for all known 
visual cycle proteins in the RPE decreased within 
24 h (8). Similar downregulation of visual cycle 
genes was observed after retinal detachment 
created in mice (8). Injection of sodium iodate 
(NaIO3), an oxidizing agent known to induce 
selective RPE cell death followed by retinal 
degeneration, resulted in downregulation of 
RPE65, LRAT, and RLBP1 within 2 days (9,10). 
These findings support the idea that pan-
downregulation of visual cycle genes may be a 
general response of RPE cells to stress (8). 
However, the regulatory mechanisms leading to 
such pan-downregulation are still largely 
unknown.  
       Among the key transcription factors required 
for RPE specification and differentiation are 
microphthalmia associated transcription factor 
(MITF) (11) and orthodenticle homeobox 2 
(OTX2) (12). Disruption of either gene or their 
upstream regulator β-catenin in mouse RPE results 
in transdifferentiation of the RPE into neural 
retina-like tissues (12-14). The critical role of 
OTX2 in RPE development is well documented 
(12,15); its importance in maintaining adult RPE 
functions has also recently been reported (16). In 
our previous studies, we identified SRY (sex-
determining region Y)-box 9 (SOX9) as a key 
regulator that activates the human BEST1 
promoter in the RPE through interaction with 
MITF and OTX2 (17). SOX transcription factors 
are important regulators of organogenesis and 
promote the assembly of transcriptional complexes 
by facilitating interaction between distant binding 
sites (18). In the retina, SOX9 is expressed in 
retinal progenitor cells before birth, but its 
expression becomes restricted to Müller glia 
postnatally (19,20). Conditional inactivation of 
Sox9 in mouse retina revealed an essential role for 
SOX9 in the differentiation and/or survival of 
postnatal Müller glial cells (20). In mouse RPE, 
SOX9 protein is strongly and continuously 
detected from early embryonic to adult stages (20). 
       LHX2, a member of the LIM homeobox 
family (21), plays an essential role in early eye 
development, particularly in the transition of the 
optic vesicle into the optic cup (22,23). In the 
retina, Lhx2 expression is detected in the optic 
vesicle as early as embryonic day 8.5 (E8.5) and 
throughout the neural retina before birth, but it 
becomes largely restricted to Müller glia 
postnatally (22,24). This sequence of expression is 
notably similar to that of Sox9, and both genes are 
expressed predominantly in Müller glia in the 
mature retina (20,22,25). In the RPE, however, the 
expression and function of LHX2 has not been 
described. Of interest, Sox9 has been identified as 
a direct target of LHX2 in mouse skin 
keratinocytes, suggesting a possible direct link 
between the two factors (26). 
       In addition to transcriptional control, there are 
important controls at the post-transcriptional level. 
For example, growing evidence suggests that 
microRNAs (miRNAs) play critical roles in 
various biological processes including cellular 
responses to stress by controlling gene expression 
through mRNA degradation or translational 
inhibition (27-29). MicroRNAs are 19-22 
nucleotide non-coding RNAs and bind to short 
sequences in the 3’-untranslated region (3’UTR) 
of target mRNAs that are complementary to 
nucleotides 2–7 of the miRNAs (‘seed’). Of 
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interest, RPE65 was predicted as a target of a 
subset of miRNAs that were downregulated during 
RPE differentiation of human embryonic stem 
cells (ESCs), suggesting the possible role of 
miRNAs in regulating RPE65 during RPE 
development (30). 
       In this study, we have begun to elucidate the 
mechanisms regulating the possible coordination 
of visual cycle gene expression, with a focus on 
RPE65, RLBP1, and RGR. Here, we describe a 
core transcriptional network of SOX9, OTX2 and 
LHX2 that controls expression of multiple visual 
cycle genes. We report that Sox9 inactivation in 
mature mouse RPE significantly decreases 
expression of several visual cycle genes. We also 
show that LHX2 is highly expressed in mature 
RPE, and that expression of SOX9 and LHX2 
proteins overlaps in the nuclei of Müller glia and 
RPE cells in adult mice. Furthermore, we show 
that the 3’UTR of the visual cycle genes share 
binding sites for common miRNAs, suggesting 
that visual cycle genes may also be coordinately 
regulated at the post-transcriptional level. 
 
EXPERIMENTAL PROCEDURES 
       Plasmid construction–Promoter-luciferase 
constructs were made with DNA fragments 
containing human RPE65 –703 to +51 (RPE65-
703/+51), RLBP1 –520 to +59 (RLBP1-520/+59), 
and RGR –565 to +36 bp (RGR-565/+36). These 
fragments were generated by PCR using human 
genomic DNA as template with primers in 
Supplemental Table S1, and cloned into pGL2-
Basic (Promega, Madison, WI).  
       Expression vectors for human SOX9, OTX2, 
and MITF were made previously (17,31,32). To 
construct an expression vector for human LHX2, 
cDNA was generated by RT-PCR using RNA 
from M1 human RPE primary cells (17) with 
primers listed (Supplemental Table S1), and 
inserted downstream of the CMV promoter in 
pcDNA3.1/Myc-His(-) B vector (Invitrogen, 
Carlsbad, CA) .  
       To construct luciferase-3’UTR vectors, DNA 
fragments of the 3’UTR of human RPE65, RLBP1, 
RGR, SOX9, OTX2, and LHX2 were generated by 
PCR using human genomic DNA as template with 
primer pairs listed (Supplemental Table S1), and 
cloned downstream of the coding region of firefly 
luciferase gene in pmirGLO Dual-Luciferase 
vector (Promega). Five miR-137 sites are present 
in the 3’UTR of RPE65 and designated as Sites 1-
5 from 5’ to 3’. For RLBP1, a single miR-137 site 
is found. Mutated 3’UTR fragments were 
generated by PCR using the wild-type constructs 
as template with long primers containing a 
mutated miRNA site in the middle (GCAA to 
CGTT) and primers located at each end of the 
3’UTR (Supplemental Table S1). The mutated 
sites in RPE65 were designated as m1-m5, and as 
m in RLBP1. Mutated DNA fragments were 
inserted into pmirGLO in the same manner as 
described above. 
       Generation of Sox9 conditional knockout in 
mouse RPE–All mice were treated in accordance 
with the Federal Guide for the Care and Use of 
Laboratory Animals. To conditionally inactivate 
Sox9 in RPE cells, Sox9flox mice (33) were mated 
with BEST1-cre mice in which Cre recombinase is 
driven by the human BEST1 promoter (34). Both 
mouse lines were established on the C57BL/6J 
background by backcrossing for more than 8 
generations. In BEST1-cre mice, Cre expression is 
detected in the RPE from postnatal day 10 (P10) 
onward (34). Mouse genotyping was performed by 
PCR of tail DNA with primers listed 
(Supplemental Table S1). 
       Cell culture–Human RPE cell line D407 was 
cultured as reported (35). Human embryonic 
kidney 293 (HEK293) cells (36) were cultured as 
recommended by the American Type Culture 
Collection (ATCC, Manassas, VA). Human fetal 
RPE (hfRPE) cells (ScienCell, Carlsbad, CA) were 
plated at 5,000 cells/cm2 and cultured on matrigel 
(BD Biosciences, San Jose, CA) in Epithelial Cell 
Medium (ScienCell) (37). The medium was 
changed every other day, and hfRPE cells were 
harvested after 2 months. 
       Immunohistochemistry–The expression of 
SOX9, RPE65, and RLBP1 proteins was analyzed 
with one eye of 4 week-old wild-type, 
heterozygous Sox9cko/+, and homozygous 
Sox9cko/cko mice by immunohistochemistry. Mouse 
eyes were fixed in 1% paraformaldehyde in 0.1 M 
phosphate buffer at room temperature for 1 h, and 
immunohistochemistry of frozen eye sections was 
performed as previously described (38). Primary 
antibodies were anti-SOX9 (1:200; AB5535, 
rabbit polyclonal, Millipore, Billerica, MA), anti-
RPE65 (1:1,000; ab13826, mouse monoclonal, 
Abcam, Cambridge, MA), and anti-CRALBP 
(1:250; ab15051, mouse monoclonal, Abcam). 
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Secondary antibodies were Alexa Fluor 488-
conjugated anti-rabbit IgG or anti-mouse IgG 
(1:500; Invitrogen). To obtain clear signals in the 
RPE, pigment was bleached following a published 
protocol (39). The sections were mounted in 
VECTASHIELD Mounting Media with DAPI 
(Vector Laboratory, Burlingame, CA), and images 
were acquired using a Zeiss 510 confocal 
microscope. 
       SOX9 and LHX2 double-label 
immunohistochemistry was performed as 
previously described (38) with eye sections of one 
month old BALB/cJ mice. Primary antibodies, 
anti-SOX9 (1:1,000; AB5535, Millipore) and anti-
LHX2 (1:500; sc-19344, goat polyclonal, Santa 
Cruz Biotechnology, Santa Cruz, CA), were 
visualized with Alexa Fluor-conjugated anti-rabbit 
or anti-goat secondary antibodies. Hoechst nuclear 
counterstain was used to identify the RPE, and 
images were acquired using a Zeiss 710 confocal 
microscope. Immunostaining of hfRPE cells was 
performed with the anti-RPE65 antibody (1:100; 
ab13826, Abcam) as previously described (40). 
       Reverse transcription-quantitative PCR (RT-
qPCR)–The expression of Sox9 was analyzed by 
RT-qPCR with the contralateral eye of the 4 week-
old mice used for immunohistochemistry 
described above. Mouse eyes were dissected to 
remove the cornea and lens, the retina was peeled 
off, and the eyecup including RPE, choroid, and 
sclera was collected for RNA extraction using 
RNeasy Mini kit (Qiagen, Valencia, CA). RT-
qPCR was performed as previously described 
(31,32). We analyzed the mRNA levels of Sox9, 
control Gapdh and Rplp0, selected genes 
expressed in the RPE including six visual cycle 
genes (Rpe65, Lrat, Rlbp1, Rgr, Rdh5, and Rbp1), 
and cre (Supplemental Table S1). Based on 
threshold cycle values, the mRNA level of each 
gene was normalized by the average of the levels 
of Gapdh and Rplp0, and relative expression was 
calculated as the ratio to the level in wild-type 
mice (presented as 1). Relative expression of cre 
was presented as normalized values. 
       To analyze the expression of transcription 
factors in human tissues and cells, we used total 
RNA previously prepared from human RPE, 
retina, and culture cells (D407 and ARPE19 RPE 
cell lines, and M1 RPE primary cells) as well as 
total RNA from 5 human tissues (brain, liver, 
kidney, spleen, testis; Clontech, Mountain View, 
CA) (17). The mRNA levels of SOX9, LHX2, and 
control GAPDH (Supplemental Table S1) were 
analyzed by RT-qPCR as described above. 
       The expression levels of RPE65, RLBP1, 
RGR, and control GAPDH in hfRPE cells were 
analyzed by RT-qPCR in the same manner as 
described above (Supplemental Table S1). 
       DNase I hypersensitivity (DNase I HS) assay–
DNase I HS assays were performed with RPE cell 
nuclei from 20 bovine eyes following the 
published procedures (41) with modifications (32). 
The nuclei were divided into 10 tubes and digested 
by a gradient of DNase I (0, 1, 2, 4, 8, 16, 32, 64, 
128, and 256 units). Genomic DNA was purified 
by phenol-chloroform extraction and ethanol 
precipitation. The resuspended DNA samples were 
analyzed by qPCR using 30 ng of DNA with 
primers amplifying 100-150 bp fragments at ~100 
bp intervals in the region near the transcription 
start site (TSS) to 1 kb upstream of RPE65, 
RLBP1, RGR, RDH5, and RBP1 as well as near 
the TSS of control ALB and RHO (Supplemental 
Table S2). For LRAT, qPCR was performed with 
primers amplifying 100-150 bp fragments at ~200 
bp intervals in the region near the TSS to 2 kb 
upstream (Supplemental Table S2). Relative 
amount of PCR template in each sample was 
calculated as the ratio to the amount of PCR 
template in the undigested sample (presented as 1). 
Experiments were repeated three times 
independently, and each sample was analyzed by 
qPCR in duplicate. 
       Prediction of SOX binding sites–MatInspector 
(42) was used with the MatBase database 
(Genomatix, Munich, Germany) to search binding 
sites of transcription factors in the 2 kb region 
upstream of the TSS of human visual cycle genes 
(RPE65, LRAT, RLBP1, RGR, RDH5, and RBP1). 
These upstream regions were also inspected 
manually. Sequences of the 2 kb region of human, 
mouse, and bovine were compared for each gene 
using Vector NTI (Invitrogen), and conservation 
was determined manually based on the 
arrangement of the predicted SOX binding sites in 
human. 
       Plasmid transfection–To analyze the effect of 
transcription factors on visual cycle gene 
promoters, cotransfection was performed using 
dual luciferase assays as previously described 
(17,32). All plasmid transfections were carried out 
with D407 cells in 12-well plates using 
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Lipofectamine Plus (Invitrogen). For each well, 
plasmid DNA included 0.5 µg of a promoter-
luciferase construct, a total of 1.1 µg of expression 
vectors, and 5 ng of pRL-TK containing Renilla 
luciferase gene (Promega). In combinations of 
transcription factors, 0.1, 0.5, and 0.5 µg of 
expression vectors were used for SOX9, OTX2, 
and LHX2, respectively, and the total amount was 
adjusted to 1.1 µg by adding empty 
cDNA3.1/Myc-His(-). As a promoter-luciferase 
vector, pGL2 constructs containing human 
RPE65-703/+51, RLBP1-520/+59, and RGR-
565/+36 were used. Cell lysates were analyzed 48 
h after transfection using Dual-Luciferase 
Reporter System (Promega). Firefly luciferase 
activity was normalized by Renilla luciferase 
activity, and relative luciferase activity was 
calculated as the ratio of the normalized luciferase 
activity with the expression vectors to that with 
empty pcDNA3.1. Cotransfection was performed 
3-4 times independently in duplicate each time.  
      Chromatin immunoprecipitation (ChIP)–ChIP 
with bovine RPE was performed as previously 
described (17,32). Antibodies used: anti-SOX9 
(AB5535, Millipore), anti-OTX2 (ab21990, 
Abcam), anti-LHX2 (sc-19344, Santa Cruz 
Biotechnology), anti-SOX10 (sc-17342, Santa 
Cruz Biotechnology), and anti-SOX10 (ab25978, 
Abcam). The antibodies for SOX9, OTX2, and 
SOX10 were used in ChIP in our previous studies 
(17,32). The antibody for LHX2 was used in ChIP 
with mouse keratinocytes (26), and its specificity 
was confirmed (43). ChIP precipitates and diluted 
input (1:50) were analyzed by qPCR with primers 
at different genomic locations of RPE65, RLBP1, 
and RGR (Supplemental Table S2). Relative 
enrichment was calculated as the ratio of the 
amount of PCR template in ChIP samples to that 
in diluted input. ChIP was performed four times, 
and each sample was analyzed in duplicate. 
       ChIP with hfRPE cells was performed in the 
same manner as described above for ChIP with 
bovine RPE, except that only antibodies for SOX9 
(AB5535), OTX2 (ab21990), and SOX10 (sc-
17342) were used. ChIP precipitates and diluted 
input (1:100) were analyzed by qPCR with 
primers for human RPE65, RLBP1, and RGR 
(Supplemental Table S2). Due to the limited 
amount of available hfRPE cells, ChIP was 
performed twice, and each sample was analyzed in 
triplicate. 
       Bioinformatic prediction of miRNAs–First, we 
integrated two databases downloaded from 
miRBase (http://www.ebi.ac.uk/enright-
srv/microcosm/cgi-in/targets/v5/download.pl) and 
microRNA.org 
(http://www.microrna.org/microrna/getDownloads
.do). We selected genes of interest from these 
databases containing a total of 720 human 
miRNAs and 25,367 target genes. Then, we 
calculated the number of overlapped predicted 
miRNAs between a set of genes and a reference 
gene (marked in bold) at the far left in each figure. 
The overlap percentage is defined as:  
Overlapi (%) = Noverlap/Ni  
where i denotes gene i, Ni is the number of 
miRNAs predicted for gene i, and Noverlap is the 
number of overlapped miRNAs between gene i 
and a reference gene. An expected overlap 
percentage (a dotted line in figures) was calculated 
as the ratio of the number of miRNAs predicted 
for a reference gene to the total number of 
miRNAs in our database (n = 720). 
       Transfection with miRNA mimics–The effect 
of miRNAs on target mRNAs was analyzed by 
cotransfection of miRNA mimics with luciferase-
3’UTR constructs. In these experiments, 0.1 µg of 
pmirGLO construct, either empty or with 3’UTR 
fragments, and 33 nM of mirVana miRNA mimics 
(Invitrogen) were transfected into HEK293 cells in 
24-well plates using Lipofectamine 2000 
(Invitrogen). The 3’UTR of human RPE65, 
RLBP1, RGR, SOX9, OTX2, and LHX2 was tested 
with miRNA mimics for miR-18a, -19a, -25, -32, -
92a, -124, -137, -340, -363, and Negative Control 
#1. The 3’UTRs of RPE65 and RLBP1 containing 
mutated miR-137 and miR-25 sites were also 
analyzed in the same manner. Luciferase activity 
was analyzed 36 h after transfection using Dual-
Luciferase Reporter System (Promega), and firefly 
luciferase activity was normalized by Renilla 
luciferase activity. To assess the effect of miRNA 
mimics, double normalization was used to nullify 
any effect of miRNA mimics on pmirGLO itself. 
First, initial relative luciferase activity was 
calculated as the ratio of the normalized luciferase 
activity with miRNA mimics to that without 
mimics (miRNA +/- ratio) for each construct. 
Then, final relative luciferase activity was 
calculated as the ratio of the initial relative 
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luciferase activity for pmirGLO containing 3’UTR 
inserts to that for empty pmirGLO (3’UTR +/- 
ratio). Cotransfection was repeated 3-4 times 
independently on different days in duplicate each 
time. 
       Statistical analysis–Unpaired t-test was used 
for statistical analysis. 
 
RESULTS 
       The upstream regions of visual cycle genes 
contain chromatin accessible SOX binding sites–
Examination of the DNA sequences upstream of 
six human visual cycle genes (RPE65, LRAT, 
RLBP1, RGR, RDH5, and RBP1) revealed that 
they all contain one or more putative SOX binding 
sites in the 2 kb region upstream of the TSS (Fig. 
1A and Supplemental Table S3). In LRAT and 
RDH5, single sites are arranged in tandem. Many 
of the identified sites are conserved among human, 
mouse, and bovine. We also found that RPE65, 
RLBP1, RGR, and RBP1 contain at least one 
consensus OTX site in the proximity of the 
identified SOX sites. LRAT and RDH5 also 
contain OTX sites, but they are distant from the 
SOX sites (Fig. 1A).  
       To test if the predicted SOX binding sites are 
located in accessible chromatin areas near visual 
cycle gene promoters, we performed DNase I HS 
site mapping in the 1 kb upstream region of 
RPE65, RLBP1, RGR, RDH5, and RBP1 as well as 
in the 2 kb upstream of LRAT (Fig. 1B). In some 
genomic locations, we could not obtain adequate 
primers even after several attempts, and such 
locations are marked by an interruption of the X-
axis in the figure. Therefore, DNase I HS profiles 
in such locations and the downstream region from 
the TSS are not proportional to the genomic 
distance. RPE65 and RGR exhibited DNase I HS 
sites at -500 to +100 bp and -400 to +100 bp, 
respectively. In contrast, RLBP1, RDH5, and 
RBP1 showed two separate DNase I HS sites 
within the 1 kb upstream region: -200 to +100 bp 
and -1 kb to -800 bp, around the TSS and -600 to -
300 bp, and -200 to +100 bp and -800 to -700 bp, 
respectively. LRAT showed two DNase I HS sites 
in the 2 kb upstream region at -200 to +100 bp and 
-1.8 to -1.6 kb, and the latter corresponded to the 
location of some of the possible SOX binding sites 
in the bovine. The results indicate that these visual 
cycle genes share the presence of chromatin 
accessible SOX binding sites in RPE cells in vivo, 
suggesting that one or more SOX proteins may be 
involved in coordinately regulating the expression 
of visual cycle genes, and that the putative SOX 
regulatory protein(s) may act through interaction 
with an OTX family member. 
       SOX9 and LHX2 are coexpressed in the nuclei 
of mature RPE cells–To identify putative SOX and 
OTX family members involved in regulating 
visual cycle gene expression, we chose to initially 
study SOX9 and OTX2 based on their previously 
defined physical and functional interaction in 
regulating BEST1 in the RPE (17). As additional 
candidate factors for analysis, we first chose MITF 
because of its important role in RPE development 
and its demonstrated ability to physically and 
functionally interact with SOX9 and OTX2 (17), 
and secondly LHX2, a LIM homeodomain protein, 
because its binding motif is similar to that of 
OTX2 and its expression pattern in Müller glia is 
similar to that of SOX9 (20,22,24). We first 
compared the expression of SOX9 and LHX2 in 
human adult tissues and cultured cells including 
human RPE primary cells by RT-qPCR. The tissue 
distribution of LHX2 was overall similar to that of 
SOX9 with the highest expression in RPE cells, 
except that LHX2 expression was low in the testis 
and remained similar in RPE tissue and primary 
cells (Fig. 2A). Next, we analyzed the expression 
of SOX9 and LHX2 proteins by 
immunohistochemistry (Fig. 2B). Both SOX9 and 
LHX2 were expressed in Müller glia spanning the 
retina and in the RPE. They both demonstrated 
strong nuclear signals in RPE cells, while LHX2 
also showed a weaker and more diffuse staining 
pattern in RPE cytoplasm. 
       SOX9, OTX2, and LHX2 synergistically 
activate RPE65, RLBP1, and RGR promoters–To 
test the effects of the selected four candidate 
transcription factors, we generated promoter-
luciferase constructs for RPE65, RLBP1, and 
RGR. Based on the high sequence homology of 
their proximal upstream region between human 
and bovine, we used human promoter fragments 
corresponding to the bovine genomic sequences 
containing DNase I HS site (Fig. 1B). The RPE65 
-703 to +51 bp region also corresponds to the 
mouse Rpe65 promoter reported to drive RPE-
specific expression (3). Promoter-luciferase 
constructs were transfected with various 
combinations of expression vectors for the 
candidate factors. Since our initial analysis 
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showed that MITF had no effect on these 
promoters (data not shown), we focused on SOX9, 
OTX2, and LHX2. A low dose of SOX9, used to 
avoid non-specific effect, modestly activated all 
three promoters, whereas OTX2 activated the 
RPE65 and RLBP1 promoters (Fig. 2C). When 
SOX9 and OTX2 were combined, they 
synergistically activated the promoter of RPE65 (p 
= 0.019) and RLBP1 (p = 0.029) compared with 
OTX2 alone. Overall activation profiles of the 
RPE65 and RLBP1 promoters were strikingly 
similar (Fig. 2C). In contrast, although LHX2 did 
not activate either promoter by itself, its 
combination with SOX9 led to synergistic 
activation of the RGR promoter compared with 
SOX9 alone (p = 0.011). Of interest, OTX2 and 
LHX2 inhibited each other’s activity on the RGR 
and RLBP1 promoters, respectively, possibly due 
to binding competition. These results suggest that 
visual cycle gene expression is finely tuned by 
transcriptional complexes containing different 
combinations of SOX9, OTX2, and LHX2. 
       SOX9, OTX2, and LHX2 bind to visual cycle 
gene promoters in RPE cells in vivo–To test if 
SOX9, OTX2, and LHX2 bind to visual cycle 
gene promoters in vivo, we performed ChIP with 
bovine RPE tissue. Four independent ChIP 
experiments using the anti-SOX9 or anti-OTX2 
antibody consistently yielded a peak of relative 
enrichment near the TSS of RPE65, RLBP1, and 
RGR, with no enrichment at the upstream or 
downstream regions (Fig. 3). ChIP with the anti-
LHX2 antibody showed a peak of relative 
enrichment near the TSS of RPE65 and RGR, but 
not RLBP1. As control, ChIP with two anti-
SOX10 antibodies that had been successfully used 
in ChIP with other tissues (44,45) did not show 
any peak of enrichment, confirming specificity of 
SOX9 binding (Fig. 3). These results indicate that 
SOX9, OTX2, and LHX2 indeed bind to the 
promoter region of all or some of the three visual 
cycle genes in RPE cells.  
       Next, we wanted to test if these transcription 
factors also bind to visual cycle gene promoters in 
human RPE. Because of the difficulty in obtaining 
fresh human donor eyes in sufficient quantity, we 
sought an alternative source of human RPE cells. 
Based on reported findings and our own 
experience that human fetal RPE (hfRPE) can 
proliferate and then differentiate in culture to 
exhibit many characteristics of mature RPE cells 
(37,40,46), we decided to use hfRPE. After 2 
months in culture, hfRPE cells showed a 
cobblestone-like morphology (Fig. 4A, a) and 
began to express RPE65 protein (Fig. 4A, b). 
Analyses by RT-qPCR showed that the expression 
levels of RPE65, RLBP1, and RGR in the hfRPE 
cells were higher than or at least comparable with 
those in RPE primary cells derived from human 
mature RPE. However, it should be noted that the 
expression levels of these genes in the two types 
of RPE cells are still substantially lower than those 
in human adult RPE tissues (47). Due to the 
limited amount of available hfRPE cells, we 
performed ChIP only for SOX9, OTX2, and 
control SOX10. We obtained a peak of relative 
enrichment near the TSS of RPE65, RLBP1, and 
RGR with the anti-SOX9 and anti-OTX2 
antibodies, but not with the anti-SOX10 antibody 
(Fig. 4B), which was consistent with the ChIP 
results with bovine RPE described above (Fig. 3). 
       SOX9 regulates visual cycle gene expression 
in vivo–To further explore our hypothesis that 
SOX9 might play a role in coordinating the 
expression of visual cycle genes in the RPE, we 
generated a conditional knockout (cko) of Sox9 in 
the RPE by mating Sox9flox mice (33) with BEST1-
cre mice (34). First, we analyzed Sox9 expression 
in wild-type, heterozygous Sox9cko/+ (BEST1-
cre;Sox9flox/+), and homozygous Sox9cko/cko (BEST1-
cre;Sox9flox/flox; described as Sox9 cko) mice at 4 
weeks, using immunohistochemistry of one eye 
and RT-qPCR of the other eye. We chose 4 weeks 
of age to achieve a balance between minimizing 
secondary effects of Sox9 inactivation and yet 
allowing sufficient time to achieve Sox9 ablation 
in the majority of RPE cells. We previously found 
that BEST1-cre mice are mosaic, showing Cre 
expression in 50-90% of RPE cells, with Cre 
protein being first detectable at P10, and reaching 
a plateau at P28 (34). By immunohistochemistry, 
SOX9 protein was strongly expressed in the nuclei 
of RPE cells of wild-type mice, but was 
undetectable in the majority of RPE cells of Sox9 
cko mice (Fig. 5A). At 4 weeks, we did not 
observe obvious morphological abnormalities in 
the retina and RPE of Sox9 cko mice. RT-qPCR 
analysis showed that Sox9 mRNA levels were 
reduced to 35% in the RPE of Sox9 cko mice 
compared with the levels in wild-type mice (Fig. 
5B), confirming the previously observed mosaic 
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Cre-mediated recombination profile of BEST1-cre 
mice (34). 
       To assess the consequences of Sox9 
inactivation, we tested the expression of visual 
cycle genes and other selected RPE-related genes 
by RT-qPCR. Most notably, Rpe65 and Rgr 
showed substantially decreased expression in Sox9 
cko mice, with only 7.8% and 9.3% of the levels 
in wild-type mice, respectively. Other visual cycle 
genes also showed significantly reduced 
expression in Sox9 cko mice; Lrat, Rlbp1, Rdh5, 
and Rbp1 were expressed at levels of 35%, 41%, 
56%, and 61% of the levels of wild-type mice, 
respectively (Fig. 5B). In contrast, some genes 
showed increased expression; for example, Otx2, 
Lhx2, and Tyr showed 1.4, 2.5, and 3.0-fold higher 
expression, respectively, relative to wild-type 
mice. Other genes, such as Mitf, Best1, Tyrp1, and 
Dct did not show significant changes compared to 
wild-type mice. The expression of Ptgds, a known 
SOX9 target in the testis (48), was also decreased 
by 60% in the RPE of Sox9 cko mice, whereas the 
mRNA level of the control genes, Gapdh and 
ribosomal protein large P0 (Rplp0), was 
unchanged (Fig. 5B). By immunohistochemistry, 
we observed that RPE65 and RLBP1 (also known 
as CRALBP) proteins are undetectable in Sox9-
ablated RPE (Fig. 6). These results demonstrate 
that SOX9 is involved in regulating the expression 
of at least six visual cycle genes in vivo. 
       Bioinformatic analyses predict multiple 
common regulatory miRNAs for visual cycle 
genes–Next, we wanted to test whether visual 
cycle genes also share common regulatory 
mechanisms at the post-transcriptional level. 
Based on the reported rapid downregulation of 
multiple visual cycle genes, we hypothesized that 
visual cycle genes may be targets of common 
miRNAs, which have been shown to be able to 
coordinate the expression (29). Using 
bioinformatics, we identified potential miRNAs 
that could bind to the 3’UTR of visual cycle genes 
and other selected genes (Supplemental Table S4). 
For the six visual cycle genes and three pigment-
related genes, we calculated the number and 
percentage of miRNAs that overlapped with the 
ones predicted for RPE65 (Fig. 7A). RLBP1 and 
LRAT shared significantly more miRNAs with 
RPE65 than the expected overlap by random 
chance (marked by a dotted line). The percent 
overlap of miRNAs for RDH5 and TYRP1 was 
much lower but still statistically significant. Of the 
three visual cycle genes focused in this study, 
RPE65 and RLBP1 share more miRNAs with each 
other than with RGR (Fig. 7B). Among the three 
genes encoding visual cycle enzymes, RPE65 and 
LRAT share more miRNAs with each other than 
with RDH5. Pigment-related genes, TYR, TYRP1, 
and DCT, share much fewer miRNAs. We also 
compared miRNAs predicted for the three 
transcription factors involved in visual cycle gene 
regulation. SOX9 and OTX2 share significantly 
more miRNAs with each other than with LHX2 
(Fig. 7B). Interestingly, MITF, a critical factor for 
RPE identity, and CRX, a member of the OTX 
family that plays important roles in photoreceptors 
but is also expressed in the RPE (32), share many 
miRNAs with SOX9 (Fig. 7C). The percent 
overlap for NR2E3 and NRL, factors important for 
photoreceptor development, and MYOD1 and 
MYOG, factors important for muscle development, 
remained low or below the expected level, 
suggesting that miRNA sites may also be 
conserved among genes sharing similar function 
and/or expression patterns. These results suggest 
that RPE65, LRAT, and RLBP1 can be regulated 
by common miRNAs. 
       Validation of predicted regulatory miRNAs for 
visual cycle genes–To validate the predicted 
miRNAs, we chose miR-25, -32, -92a, -137, -340, 
and -363, which were predicted to bind two or 
more of RPE65, RLBP1, and RGR, and miR-18a, -
19a, and -124, which were predicted to bind two 
or more of SOX9, OTX2, and LHX2 (Supplemental 
Table S4). By cotransfection with miRNA mimics, 
we analyzed the effect of the selected miRNAs on 
the 3’UTR-luciferase constructs. Although the first 
set of miRNAs were all predicted for RPE65 and 
RLBP1, only miR-137 repressed the 3’UTR 
constructs of both genes, and miR-25, -32, -92a, 
and -363 repressed only the RPE65 3’UTR 
construct (Fig. 8A). While miR-340 was predicted 
for RPE65, RLBP1, SOX9, OTX2, and LHX2, it 
did not show any effect on either construct (Fig. 
8A, B). As expected from the literature (49,50), 
we confirmed that both SOX9 and LHX2 are 
targets of miR-124 (Fig. 8B). We also observed a 
marginal reduction in luciferase activity of the 
RGR 3’UTR construct with miR-92a (p = 0.017) 
and miR-340 (p = 0.033) (Fig. 8A). 
       Next, we tested the sequence-specificity of 
repression by miR-137 and miR-25 using mutated 
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3’UTR constructs. The seeds of miR-137 
(UAUUGC) and miR-25 (AUUGCA) are similar 
with one nucleotide sliding. Allowing a single 
nucleotide mismatch in the seed, RPE65 contains 
5 sites for miR-137 and 3 sites for miR-25, 
whereas RLBP1 contains one site for both miR-
137 and miR-25 (Fig. 8C). Cotransfection of the 
3’UTR-luciferase constructs with mutated sites 
(GCAA to CGTT) and miRNA mimics showed 
that mutation of Sites 4 (m4) and 5 (m5) in RPE65 
abolished or reduced repression by miR-137, and 
mutation of the Site (m) in RLBP1 completely 
prevented repression by miR-137, suggesting that 
these sites are functional (Fig. 8D). Cotransfection 
of the mutated 3’UTR constructs also revealed that 
Site 5 in RPE65 is essential for repression by miR-
25. The most effective sites, RPE65 Site 4 and 
RLBP1 Site for miR-137 and RPE65 Site 5 for 
miR-25, matched to miRNA nucleotides 1-7 (seed 
+ 1st) or nucleotides 2-8 (seed + 8th) (Fig. 8C), 
supporting the finding that matching at additional 
nucleotide(s) beyond seed pairing increases site 
efficacy (51). We also tested the sequence-
specificity of repression by miR-32, miR-92a, and 
miR-363 using cotransfection with the mutated 
3’UTR constructs. Site 5 was the most effective 
site for these miRNAs, which match at nucleotides 
2-8 with Site 5; however, the effect of mutation 
(RPE65 m1-m5) was slightly different with each 
miRNA (Fig. 8C, D), supporting that additional 
features beyond the seed contribute (52). These 
results indicate that some of the predicted miRNA 
sites are functional, and that RPE65 and RLBP1 
share functional sites for miR-137. 
 
DISCUSSION 
       We have described a core transcriptional 
network regulating visual cycle genes as a group 
of genes that encode proteins functioning in the 
same pathway. Since previous work on the 
regulation of visual cycle genes studied only 
individual genes (3-7), this is the first report that 
describes their regulation from a systematic 
perspective. We found that SOX9 is a key player 
in the regulation, directly or indirectly, of multiple 
visual cycle genes, rendering the ability for 
coordination of their expression. 
       Downregulation of visual cycle genes has 
been reported in various conditions, including 
light damage (8), retinal detachment (8), NaIO3-
induced oxidative damage (9,10), subretinal 
injection of amyloid-β (1-42) (53), intravitreal 
injection of leukemia inhibitory factor (LIF) (54), 
and conditional inactivation of mitochondrial 
transcription factor A (Tfam) in mouse RPE (10). 
The gp130/STAT3 pathway is required for the 
effect of LIF (54); mammalian target of rapamycin 
(mTOR) is crucial in RPE response to Tfam 
ablation and NaIO3-induced oxidative damage 
(10). Our findings that Sox9 ablation in the RPE 
resulted in downregulation of six visual cycle 
genes add SOX9 deficiency to the growing list of 
conditions that lead to downregulation of multiple 
visual cycle genes. Whether these conditions 
converge upon the common regulatory mechanism 
controlling the final output of expression of visual 
cycle proteins remains to be elucidated. 
       The role of transcription factors in the RPE 
has been most extensively studied in development; 
for example, the crucial role of MITF (11) and 
OTX2 (12) in RPE development is well 
documented. The finding that some transcription 
factors that are critical in RPE development are 
continuously expressed into mature stages raises 
the question as to what roles they play in adult 
RPE. It has recently been reported that tissue-
specific inactivation of Otx2 in mature retina and 
RPE led to abnormalities in the RPE, such as 
reduction of the number and size of melanosomes 
and a loss of RPE contacts with photoreceptor 
outer segments, followed by retinal degeneration, 
revealing the essential role of OTX2 in 
maintaining the integrity of the adult RPE (16,55). 
OTX2 coordinates RPE-specific functions, such as 
retinoid metabolism and melanogenesis, and 
directly regulates several visual cycle-related 
genes including Rdh5 (16). Although the authors 
did not report Rpe65 and Rlbp1 as direct targets of 
OTX2, we found that RPE65 and RLBP1 are also 
direct targets of OTX2 in this study. The 
discrepancy in the two studies may be due to 
differences in experimental approaches, ChIP 
antibodies, and species analyzed (mouse vs. 
human/bovine). We found that SOX9 plays a key 
role in regulating BEST1 (17) and visual cycle 
genes including RPE65 (this study), both of which 
are important for RPE mature functions and also 
widely used as RPE differentiation markers. 
Although the role of SOX9 in RPE development 
remains to be defined, SOX9 at least plays an 
important role in adult RPE cells by regulating 
genes crucial for their function. 
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       Our study shows that LHX2 is coexpressed 
with SOX9 in mature Müller glia and RPE cells. 
Importantly, at least two visual cycle genes, 
RLBP1 and RGR, are also expressed in Müller glia 
and RPE cells (56,57). In fact, our transfection and 
ChIP results show that SOX9 regulates both 
RLBP1 and RGR, whereas LHX2 regulates RGR in 
the RPE. Of interest, re-expression of LHX2 in 
eye committed progenitor cells in the Lhx2-/- 
forebrain induced pigmented foci containing RPE-
like cells expressing Lhx2, Mitf, and Pax6 (58), 
suggesting a possible role of LHX2 in RPE 
development. 
       Our study revealed the complex combinatorial 
regulation of visual cycle genes that involves 
interaction of at least three transcription factors, 
SOX9, OTX2, and LHX2. Although the proximal 
upstream regions of the six visual cycle genes we 
studied all contain chromatin accessible SOX 
binding sites and consensus OTX sites, the 
promoter regions of RPE65, RGR, and RBP1 have 
a particularly homologous arrangement of these 
sites. Of the three promoters analyzed in this 
study, however, SOX9 acts synergistically with 
OTX2 to activate the RPE65 and RLBP1 
promoters, but acts synergistically with LHX2 to 
activate the RGR promoter. Interestingly, our ChIP 
results with both bovine RPE and hfRPE cells 
show that SOX9 and OTX2 bind to all of the three 
promoters, including the RGR promoter. Based on 
our previous finding that SOX9 and OTX2 
physically and functionally interact on the BEST1 
promoter in the RPE (17), it is not surprising that 
OTX2 is also detected at the RGR promoter even 
though it does not activate this promoter. The 
colocalization of OTX2 can be due to either direct 
biding to the promoter or indirect binding as part 
of a protein complex through interaction with 
SOX9 or other factors. In contrast, ChIP with 
bovine RPE shows that LHX2 binds to the RPE65 
and RGR promoters, but not to the RLBP1 
promoter. There are multiple reasons that could 
explain this difference in binding patterns between 
OTX2 and LHX2, including different preference 
of each factor for the detailed binding site 
arrangement, difference in binding affinity of the 
sites in each promoter, different expression levels 
of each factor, and the existence of binding motifs 
for other factors that interact with them. A recent 
genome-wide analysis using large-scale mass 
spectrometry has found that an unusually large 
number of trans-acting factors colocalize at the so-
called ‘HOT regions’ that are frequently 
associated with promoters (59). It is thus likely 
that many more factors that bind, directly or 
indirectly, to the visual cycle gene promoters will 
be identified in coming years, and as a result we 
will appreciate increasing complexity in the visual 
cycle gene regulatory landscape. 
       It has been demonstrated that miRNAs can act 
both as a switch and as a fine-tuner of gene 
expression, and as important modulators of gene 
expression during stress responses (27,29,60). We 
show that RPE visual cycle genes, particularly 
RPE65, LRAT, and RLBP1, share significantly 
more predicted regulatory miRNAs than expected 
level by random chance. To exert rapid 
downregulation of multiple visual cycle proteins, 
miRNA-mediated regulation is one plausible 
mechanism. In addition, while Rpe65 mRNA is 
detected as early as E18, its protein becomes 
detectable at P4, suggesting post-transcriptional 
regulation of RPE65 (61,62). For this delay in 
RPE65 protein expression during development, 
miRNA-mediated regulation could also be a 
mechanism. Of interest and possible relevance, 
bioinformatic analyses predicted RPE65 as a target 
of miRNAs that were downregulated during 
differentiation of human ESCs to RPE cells (30). 
Among miRNAs analyzed in our study, miR-137 
targets not only RPE65 and RLBP1 but also MITF 
in human melanoma cells (63), suggesting 
complex interactions of genes important for the 
RPE through miRNAs. Another set of miRNAs 
analyzed are from the miR-17/92 family of 
miRNA clusters, which consists of the miR-17/92 
cluster and its two paralogs, the miR-106b/25 and 
miR-106a/363 clusters that emerged by gene 
duplication (64,65). They are polycistronic 
miRNA clusters harboring 4 seed families, and 
miR-92a, miR-25, and miR-363 belong to the 
same seed family. We found that RPE65 is a target 
of these miRNAs and miR-32 that share the seed. 
In the study referred to above, at least six miRNAs 
in this miRNA cluster family were downregulated 
during RPE differentiation of human ESCs (30). 
Importantly, the miR-17/92 cluster is regulated by 
MYC, E2F family, and STAT3, and can be 
induced by these regulators in some conditions 
(64,66). 
       Based on our results, we propose a core 
regulatory network for visual cycle gene 
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expression in the RPE (Fig. 9). SOX9 is a major 
hub at the transcriptional level, and OTX2 is also a 
key player in the network. From the literature, we 
added additional possible connections into the 
network. The direct relations reported in the RPE 
are: i) regulation of Mitf and Otx2 by β-catenin 
(14) and ii) regulation of Rdh5 by OTX2 (16). The 
direct relations reported in non-RPE cells are: i) 
regulation of MITF by SOX9 in human skin 
melanocytes (67) and ii) regulation of Sox9 by 
LHX2 in mouse skin keratinocytes (26) (Fig. 9). 
The regulatory relations in non-RPE cells need to 
be tested in the RPE; however, we add these 
connections as reference because SOX9, MITF, 
and LHX2 are all expressed in RPE cells, and 
because regulation in other tissues indicates the 
existence of regulatory elements, rendering the 
potential for links in the RPE. Beyond regulatory 
relations, we included our previous finding of the 
physical and functional interaction of SOX9, 
OTX2, and MITF in the RPE (17). Because Rdh5 
was downregulated in Sox9-ablated RPE (this 
study) and Otx2-ablated RPE (16), both factors are 
necessary for normal expression of Rdh5, possibly 
by cooperative function of a SOX9/OTX2 
complex on the Rdh5 promoter. We also added 
experimentally validated miRNAs to the network 
(Fig. 9). Of the three genes analyzed in this study, 
RPE65 and RLBP1 are positioned closer to each 
other than to RGR in the network by sharing 
transcriptional regulation by SOX9 and OTX2 as 
well as functional sites for miR-137. This network 
functions dynamically depending on conditions. 
       There are several additional changes in Sox9 
cko mice that drew our attention. First, we did not 
observe decreased Sox9 expression in 
heterozygous Sox9cko/+ mice. Because cre–
mediated recombination clearly occurred, this 
suggests compensatory upregulation from the 
remaining wild-type Sox9 allele, and could 
indicate the existence of robust autoregulation 
and/or feedforward loops for SOX9 to maintain its 
level in RPE cells as has been described in other 
tissues (68,69). Secondly, mouse Best1 expression 
was not downregulated in Sox9 cko mice, while 
human BEST1 is a target of SOX9. This can be 
explained by the use of alternative promoters in 
human and mouse¶. Thirdly, Lhx2 expression was 
significantly upregulated in Sox9-ablated RPE, 
suggesting that SOX9 might repress Lhx2 in vivo. 
However, our results also show that while SOX9 
mRNA levels were lower in human RPE primary 
cells than RPE tissue, LHX2 expression was 
similar in both cells, resulting in a higher 
LHX2/SOX9 ratio in RPE primary cells as seen in 
Sox9-ablated RPE. Lastly, Tyr expression was 
upregulated in Sox9 cko mice. Again, we found 
that TYR expression in human RPE primary cells 
was significantly higher than that in RPE tissue¶. 
Thus, Sox9-ablated RPE cells show similar 
molecular characteristics to RPE primary cells. 
Since RPE primary cells are more similar to fetal 
RPE in gene expression including MITF isoform 
profiles (40,47), Sox9-deficient RPE cells may be 
dedifferentiated to some extent. Indeed, RPE65 
expression is substantially lower in RPE primary 
cells than in RPE tissue (47). Accordingly, SOX9 
appears to be necessary for maintaining the mature 
state of adult RPE cells. 
       In summary, this study provides the first 
systematic look at the regulation of visual cycle 
genes in the RPE, and proposes a core regulatory 
network in which SOX9 plays a key role. This 
study also presents the first evidence for the 
functional role of LHX2 in mature RPE.
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FIGURE LEGENDS 
 
FIGURE 1. The upstream regions of visual cycle genes contain chromatin accessible SOX binding 
sites. A, the upstream regions of visual cycle genes contain SOX binding sites. Nucleotide sequence of the 
2 kb region upstream of the TSS (+1, marked by an angled arrow) of six human visual cycle genes 
(RPE65, LRAT, RLBP1, RGR, RDH5, and RBP1) was searched for potential binding sites of transcription 
factors. Possible SOX binding sites are indicated by black rectangles, and consensus OTX binding sites 
are indicated by gray ovals. B, DNase I HS assays identified the proximal promoter. The bovine RPE 
nuclei were digested by a gradient of DNase I, and the digested genomic DNA was analyzed by qPCR at 
~100 bp intervals in the upstream region of each gene, except LRAT, which was analyzed at ~200 bp 
intervals. Top panel: RPE65 (left), RLBP1 (middle), and RGR (right). Bottom panel: LRAT (left), RDH5 
(middle), and RBP1 (right). Relative amount of PCR template was calculated as the ratio to the amount of 
PCR template in the undigested sample (presented as 1). Results are shown as the mean and standard 
error of the mean (SEM, bar) of three independent experiments. Genomic locations where the intervals on 
the X-axis are not proportional to the genomic distance are marked by an interruption. A horizontal bar 
with genomic positions above each panel for RPE65, RLBP1, and RGR shows the genomic region used 
for promoter-luciferase constructs. 
 
FIGURE 2. Coexpression of SOX9 and LHX2 in RPE cells and synergistic activation of visual cycle 
gene promoters by SOX9, OTX2 and LHX2. A, expression of SOX9 and LHX2 in human tissues and 
cells. Total RNAs from human culture cells (D407 and ARPE19 RPE cell lines, and M1 RPE primary 
cells) and 7 human tissues including RPE and retina were analyzed by RT-qPCR. The mRNA level of 
SOX9 and LHX2 was normalized by that of GAPDH, and presented as relative expression. The values are 
the means and SEM (bar) of PCR replicates. B, SOX9 and LHX2 are coexpressed in the nuclei of mouse 
RPE. Double-label immunohistochemistry was performed on eye sections of BALB/cJ mice. Images of 
immunostaining: a, SOX9; b, LHX2; and c, merged of SOX9 (red) and LHX2 (green). GCL, ganglion 
cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. C, SOX9, OTX2, and LHX2 synergistically 
activate RPE65, RLBP1, and RGR promoters. Promoter-luciferase constructs containing the proximal 
promoter of human RPE65 (left panel), RLBP1 (middle panel), and RGR (right panel) indicated in Fig. 1 
were transfected with various combinations of expression vectors for SOX9, OTX2, and LHX2 or empty 
pcDNA3.1 (labeled as pcDNA). The total amount of expression vectors was adjusted by empty 
pcDNA3.1, and pRL-TK containing Renilla luciferase gene was used for normalization. Relative 
luciferase activity was calculated as the ratio of the normalized (firefly/Renilla) luciferase activity with 
expression vectors to that with empty pcDNA3.1 (defined as 1). The values are the means and SEM (bar) 
of 3-4 independent experiments. Statistical significance: * p<0.05 and ** p<0.01. 
 
FIGURE 3. SOX9, OTX2, and LHX2 bind to visual cycle gene promoters in bovine RPE. Chromatin 
immunoprecipitation (ChIP) for SOX9, OTX2, LHX2, and SOX10 proteins was performed with bovine 
RPE. The final DNA precipitates and diluted input (1:50) were analyzed by qPCR with primer pairs at 
different genomic locations of bovine RPE65, RLBP1, and RGR, upstream (labeled -) and downstream 
(labeled +) from the TSS. Relative enrichment was calculated as the ratio of the amount of PCR template 
in ChIP samples to that in diluted input. The same pattern of relative enrichment was obtained in four 
independent experiments. Due to the variability of ChIP efficiency, representative results are shown as the 
means and SEM (bar) of PCR replicates. 
 
FIGURE 4. SOX9 and OTX2 bind to visual cycle gene promoters in human fetal RPE cells. A, 
cobblestone-like morphology and expression of visual cycle genes in human fetal RPE (hfRPE). Images 
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of hfRPE cells cultured for 2 months are phase-contrast (a) and immunostaining for RPE65 (b, green), 
with a merged image of RPE65 staining and Hoechst nuclear counterstain in the inset. Scale bar: 30 µm. 
Total RNAs from hfRPE cells cultured for 2 months and M1 RPE primary cells derived from mature RPE 
were analyzed by RT-qPCR for visual cycle gene expression. The mRNA level of RPE65, RLBP1, and 
RGR was normalized by that of GAPDH, and presented as relative expression (right panel). The values 
are the means and SEM (bar) of three samples. B, ChIP for SOX9, OTX2, and SOX10 with hfRPE cells. 
ChIP was performed using hfRPE cells after culturing for 2 months with the same antibodies for SOX9, 
OTX2, and SOX10 as used for ChIP with bovine RPE in Fig. 3. The final DNA precipitates and diluted 
input (1:100) were analyzed by qPCR with primers for human RPE65, RLBP1, and RGR, and relative 
enrichment was calculated and presented in the same manner as in Fig. 3. Due to the limited amount of 
hfRPE cells, ChIP was performed twice, and representative results of one experiment are shown as the 
means and SEM (bar) of PCR replicates. 
 
FIGURE 5. SOX9 regulates visual cycle gene expression in vivo. A, immunohistochemistry of retinal 
sections of wild-type mice (a,b) and Sox9 cko mice (c,d). Images are immunostaining for SOX9 (a, c) and 
merged of SOX9 staining and DAPI (b, d). Higher magnification images are wild-type RPE (e) and Sox9 
cko RPE (f) for SOX9, DAPI, and merged of SOX9 and DAPI. GCL, ganglion cell layer; INL, inner 
nuclear layer; ONL, outer nuclear layer. B, expression of visual cycle genes decreased in the RPE of Sox9 
cko mice. The mRNA levels of selected genes were analyzed by RT-qPCR using the opposite eyes of the 
4 week-old mice as used for immunohistochemistry in A. RNAs were prepared from the RPE/choroid of 
wild-type (labeled as wt), homozygous Sox9 cko (cko/cko), and heterozygous Sox9 cko (cko/+) mice. The 
mRNA level of each gene was normalized by an average of the levels of Gapdh and Rplp0, and relative 
expression was calculated as the ratio to the level in wild-type mice (defined as 1). Relative expression of 
cre is shown as normalized values. Three eyes were analyzed for each genotype, and results are presented 
as the means and SEM (bar). Statistical significance: * p<0.05, ** p<0.01, and *** p<0.001.  
 
FIGURE 6. RPE65 and RLBP1 proteins are undetectable in Sox9-ablated RPE cells. A-H, 
immunohistochemistry of retinal sections of wild-type mice (A-D) and Sox9 cko mice (E-H). Images of 
immunostaining are for RPE65 (A, E), merged of RPE65 and DIC (B, F), RLBP1 (C, G), and merged of 
RLBP1 and DIC (D, H). I-J, higher magnification of immunohistochemistry of wild-type RPE (I) and 
Sox9 cko RPE (J). Images of immunostaining are for RPE65, DAPI, and merged of RPE65 and DAPI 
(top panel), and for RLBP1, DAPI, and merged of RLBP1 and DAPI (bottom panel). Anti-mouse IgG 
antibodies used as secondary antibody stained the Bruch’s membrane and choroid, serving as markers for 
the RPE layer and the signal intensity. DIC, differential interference contrast; GCL, ganglion cell layer; 
INL, inner nuclear layer; ONL, outer nuclear layer. 
 
FIGURE 7. Bioinformatic prediction of regulatory miRNAs. A, prediction of regulatory miRNAs for 
visual cycle genes. Two databases were downloaded from miRBase and microRNA.org, and integrated 
locally to predict regulatory miRNAs for each gene. The total number of predicted miRNAs (top panel), 
and the number (middle panel) and percentage (bottom panel) of overlapped miRNAs between indicated 
genes and RPE65 (presented as 100%) are shown. An expected overlap by random chance (a dotted line) 
was calculated as the percentage of the number of miRNAs for RPE65 to the total number of miRNAs in 
the integrated database (n = 720). B, overlap of regulatory miRNAs. The number of overlapped miRNAs 
is presented as a Venn diagram. C, prediction of regulatory miRNAs for transcription factor genes. 
Results are presented as described in A, except that regulatory miRNAs were predicted for transcription 
factor genes, and that an overlap of miRNAs was calculated between indicated genes and SOX9 
(presented as 100%).  
 
FIGURE 8. Validation of predicted regulatory miRNAs for visual cycle genes. A, transfection of 
miRNA mimics with 3’UTR of visual cycle genes. Luciferase constructs containing the 3’UTR of 
RPE65, RLBP1, and RGR or empty pmirGLO were transfected into HEK293 cells with miRNA mimics 
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or Negative Control #1 (labeled as NC #1). To nullify any effect of miRNA mimics on pmirGLO itself, 
double normalization was used. First, initial relative luciferase activity was calculated as the ratio of the 
normalized (firefly/Renilla) luciferase activity with miRNA mimics to that without mimics (miRNA +/- 
ratio). Then, final relative luciferase activity was calculated as the ratio of the initial relative luciferase 
activity for pmirGLO with 3’UTR fragments to that for empty pmirGLO (3’UTR +/- ratio). The values 
represent the means and SEM (bar). B, transfection of miRNA mimics with 3’UTR of transcription factor 
genes. Cotransfection was performed as described in A, except that luciferase constructs containing the 
3’UTR of SOX9, OTX2, and LHX2 were used. C, predicted sites of miRNAs in human RPE65 and 
RLBP1. In the 3’UTR, five sites for miR-137 (Sites 1-5, black bar) and three sites for miR-25 (Sites 3-5, 
gray bar) were predicted for RPE65, and a single site for both miR-137 and miR-25 was predicted for 
RLBP1. A perfect match (wide bar) and a single nucleotide mismatch (narrow bar) with ‘seed’ 
(nucleotides 2–7) are differentially shown. Mutated miRNA sites (GCAA to CGTT) are designated as 
m1-m5 for Sites 1-5 in RPE65 and m for the single Site in RLBP1. Alignment of mi-137 and miR-25 with 
RPE65 Sites 4 and 5 and RLBP1 Site as well as miR-32, miR-92a, and miR-363 with RPE65 Sites 4 and 
5 is shown. The seed of each miRNA is marked in bold. D, transfection of mutated 3’UTR constructs 
with miRNA mimics. Cotransfection was performed in the same manner as in A, except that pmirGLO 
constructs with wild-type and mutated miRNA sites in RPE65 and RLBP1 were used. Statistical 
significance: * p<0.05, ** p<0.01, and *** p<0.001. 
 
FIGURE 9. Proposed regulatory network for visual cycle genes. A core regulatory network for visual 
cycle genes in the RPE is proposed based on findings in this study (black lines). In addition, several links 
are included based on reported results in RPE cells (green lines) and non-RPE cells (blue lines). 
Connections are shown for activation (arrows) and repression (lines terminating in bars) as well as for 
direct regulation (solid lines) and indirect or undetermined relationships (dotted lines). Protein-protein 
interaction is also added (two parallel lines). SOX9 is a major hub at the transcriptional level by directly 
regulating RPE65, RLBP1, and RGR. Analyses of Sox9 cko mice suggest that Lrat, Rdh5, and Rbp1 as 
well as Otx2 and Lhx2 are also regulated, directly or indirectly, by SOX9. The reported results in RPE 
cells are: i) β-catenin directly regulates Mitf and Otx2 in embryonic mouse RPE (14) and ii) Rdh5 is a 
direct target of OTX2 in adult mouse RPE (16). The reported findings in non-RPE cells are: i) SOX9 
directly regulates MITF in ultraviolet B-induced pigmentation in human skin melanocytes (67) and ii) 
Sox9 is a direct target of LHX2 in mouse skin keratinocytes (26). At the post-transcriptional level, 
experimentally validated miRNAs are added as repressors. Since miR-25, miR-92a, and miR-363 belong 
to the same family of miRNA clusters, they are presented as a group. Two reported miRNA regulations 
are included: i) miR-137 targets MITF in human melanoma and mouse melanocytes (63,70) and ii) miR-
124 targets Sox9 and Lhx2 in mouse brain and retina (49,50), which is confirmed in this study.
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